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The effect of carbon monoxide addition on soot formation in an ethylene/air diffusion flame is
investigated by experiment and detailed numerical simulation. The paper focuses on the chemical
effect of carbon monoxide addition by comparing the results of carbon monoxide and nitrogen diluted
flames. Both experiment and simulation show that although overall the addition of carbon monoxide
monotonically reduces the formation of soot, the chemical effect promotes the formation of soot in an
ethylene/air diffusion flame. The further analysis of the details of the numerical result suggests that
the chemical effect of carbon monoxide addition may be caused by the modiﬁcations to the flame
temperature, soot surface growth and oxidation reactions. Flame temperature increases relative to a
nitrogen diluted flame, which results in a higher surface growth rate, when carbon monoxide is added.
Furthermore, the addition of carbon monoxide increases the concentration of H radical owing to the
intensiﬁed forward rate of the reaction CO + OH = CO2 + H and therefore increases the surface growth
reaction rates. The addition of carbon monoxide also slows the oxidation rate of soot because the same
reaction CO + OH = CO2 + H results in a lower concentration of OH.
Crown Copyright  2009 Published by Elsevier Inc. on behalf of The Combustion Institute.
All rights reserved.
1. Introduction
Recent development in fuel enrichment combustion and appli-
cation of syngas stimulates our interest in the effect of carbon
monoxide (CO) addition on various flame properties, since CO is
a primary component of a reformate gas or a syngas which is an
effective and practical enrichment additive [1]. One of these flame
properties is soot formation in diffusion flames employing fossil
fuels.
Emission of soot not only has a detrimental effect on human
health, but also contributes signiﬁcantly to global warming. Al-
though the effect of the addition of various additives on soot for-
mation has been investigated [2–8], surprisingly there is not much
information available in the literature on the effect of CO addition,
especially the chemical effect of CO addition, on soot formation.
CO contains carbon atom, but is a non-sooting fuel. Therefore, the
addition of CO to a hydrocarbon fuel flame has a dilution effect
in terms of soot formation. However, CO participates in chemical
reactions that may influence soot formation. Consequently, the ad-
dition of CO may have complex effect on soot formation. Arthur
and Napier [9] noted that the addition of CO had a weakly sup-
pressive effect on soot formation in methane flames, but did not
* Corresponding author. Fax: +1 613 957 7869.
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offer any explanation for the behavior. Du et al. [10] observed that
the addition of CO caused a linear decrease in soot formation in an
ethylene diffusion flame, and a complicated behavior in a propane
diffusion flame. They argued that the addition of CO could chem-
ically promote soot inception chemistry, but did not provide any
discussion on the variation in the chemistry of surface growth,
another important sub-process of soot formation that contributes
most formed soot in terms of the total mass. Therefore, further
study is needed to investigate the detailed mechanism of the ef-
fect of CO addition on soot formation in diffusion flames.
This paper investigates the effect of CO addition on soot forma-
tion in a coflow ethylene/air diffusion flame by both experiment
and numerical simulation. Speciﬁcally, we are interested in the
chemical effect of CO addition on soot formation. To isolate the
chemical effect from others, the paper also investigates the ad-
dition of nitrogen (N2), which has similar thermal and dilution
effects as CO because they have similar thermal and transport
properties. Nitrogen is inert for soot formation and therefore does
not have chemical effect. Differently CO has chemical effect since
it actively participates in chemical reactions. The chemical effect of
CO addition is identiﬁed by comparing the results of N2 and CO di-
luted flames. The paper starts with the description of experimental
methodology, followed by the numerical model. Then the experi-
mental and numerical results are demonstrated and compared, and
discussion on the mechanism of the effect of CO addition on soot
formation is provided by analyzing the details of numerical data.
0010-2180/$ – see front matter Crown Copyright  2009 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights reserved.
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2. Experimental methodology
The experiment was conducted in a coflow laminar diffusion
flame burner. The fuel stream issued from a 10.9 mm inner di-
ameter vertical tube, and the air from the annular region between
the fuel tube and a 88 mm inner diameter concentric tube. The
wall thickness of the fuel tube is 0.95 mm. The base flame is a
pure ethylene/air diffusion flame. During the experiment, the vol-
ume flow rates of air and ethylene were kept the same as in the
base flame, i.e. 284 l/min and 194 ml/min (at room temperature
and atmospheric pressure condition), respectively, while CO or N2
was added to the center fuel tube. To keep all the studied flames
as attached flames, the investigated volume fraction of CO or N2 in
the fuel stream was limited to less than 0.8. Unless explicitly indi-
cated, in the presentation of this paper, the fraction of CO (αCO) or
N2 (αN2 ) in fuel stream is volume based.
The soot volume fraction was measured using the diffuse-light
two-dimensional line-of-sight attenuation (LOSA) optical diagnos-
tic method developed by Thomson et al. [11]. The light source for
the experiments is a mercury arc lamp diffused by an integrat-
ing sphere and imaged to the flame center with a pair of lens
doublets. The flame center was imaged by a second pair of lens
doublets onto a CCD array ﬁltered with a 450 nm narrow band
ﬁlter. The magniﬁcation of the system is such that each pixel im-
ages a square of 23× 23 µm. The data is binned horizontally and
vertically to reduce shot noise and the ﬁnal spatial resolution is
90× 500 µm, respectively. A soot refractive index light absorption
function, E(m)λ , of 0.26 was used in the data analysis [12]. The
diagnostic can detect optical thicknesses as low as 0.001 while op-
tical thicknesses in the present measurements were in the order of
0.1. The principal sources of uncertainty in the measurements are
bias introduced by light scatter which can be as large as 25% of
the measured attenuation and uncertainty in the value of E(m)λ .
More details of the optical diagnostic method can be found from
[11].
3. Numerical model
The above experimental flames were modeled by numerical
simulation. The governing equations for conservation of mass, mo-
mentum, energy and gas species mass fractions can be found else-
where [7].
The formation and evolution of soot particles was simulated by
the method of moments [13]. The soot particle moments are de-
ﬁned as
Mr =
∞∑
i=1
mri Ni (1)
where Mr is the rth moment of soot particle distribution, and mi
and Ni are the mass and the particle number density, respectively,
of the soot particles of size class i. The soot particle mass is repre-
sented by the number of carbon atoms. Six concentration moments
(i.e. r = 0,1,2,3,4,5) are used.
The governing equation for each soot concentration moment is
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where ρ is density (g/cm3), u and v the axial (z) and radial (r)
direction velocities (cm/s), respectively, Q r the source term, and
Mr−2/3 the fractional moments obtained by interpolation between
the whole moments. Quantity V T ,xi is the thermal diffusion veloc-
ity of soot in z or r direction, and is calculated by
V T ,xi =−0.55
ν
T
∂T
∂xi
(xi = z or r) (3)
where ν is the kinematic viscosity. Quantity D p,1 is the diffusion
rate of the smallest soot particles, and is given by
D p,1 =
3
2ρ
√
mkB T
2pi
(
1+
piαT
8
)−1
1
d21
(4)
with m being the mean mass of the gas (g), KB the Boltzmann’s
constant (ergmol−1 K−1), T the temperature (K), αT the thermal
accommodation coeﬃcient (0.9), and d1 the diameter of the small-
est soot particle (cm). The source term Q r in each moment equa-
tion accounts for particle nucleation, coagulation, surface growth
and oxidation of soot particles.
The model assumes that nucleation of soot particles is due to
the coalescence of two large size PAH, pyrene (A4), into a dimer.
Then the particle size increases or decreases due to the particle co-
agulation, surface growth and oxidation. The gas phase chemistry
and the calculation methods for the particle nucleation, coagula-
tion, surface growth and oxidation are basically those developed by
Appel et al. [14] and Frenklach and Wang [13] with some modiﬁ-
cations because the original method and chemistry underpredicted
soot volume fraction for the diffusion flames of this paper.
The ﬁrst modiﬁcation is to the gas phase chemistry. We modi-
ﬁed the propargyl (C3H3) combination reaction to C3H3 + C3H3 ⇒
A1- (phenyl) + H, and added the reaction C3H3 + C3H2 ⇒ A1-,
following the suggestion of [15]. The rate constant for the ﬁrst re-
action was raised to 2.E+13 (cm3/mol s), which resulted in an 18%
increase in peak soot volume fraction in the ethylene/air diffusion
flame. For the second reaction, the rate constant is the same as in
[15].
In addition, more routes and reactions, which have recently
been shown to be important in PAH formation and growth by
other researchers, were added to the base chemistry [14]. For
the formation of benzene (A1), the route of 1-methylallenyl and
propargyl combining to form benzyl radicals and their decomposi-
tion to benzene [16]
i-C4H5 + H = CH3CCCH2 + H,
CH3CCCH2 + C3H3 = C6H5CH2 (benzyl) + H,
C6H5CH2 + H = C6H5CH3,
C6H5CH3 + H = A1 + CH3
and the reaction C2H3 + C4H4 = A1 + H [17] were added. Two
reaction sequences C6H5CH2 + C3H3 = A2 + 2H and C5H5 (cy-
clopentadienyl) + C5H5 = A2 + 2H [16] were added to account for
the formation of naphthalene (A2). For the formation of phenan-
threne (A3), the reaction: Indenyl + C5H5 = A3 + 2H [18] was
added. The reactions A2-1 + A1 ⇒ A4 + H + H2, A2-2 + A1 ⇒
A4 + H + H2, A2 + A1- ⇒ A4 + H + H2 [19] were added to
account for the formation of pyrene (A4). The rate expressions of
these added reactions can be found from the corresponding ref-
erences and their citations. Details of these reactions have been
discussed in the references, and will not be repeated. The com-
plete set of gas phase reaction scheme consists of 580 reactions
and 108 species.
The second modiﬁcation is the calculation of coagulation. The
free molecular regime was employed. However, we limited the par-
ticle coagulation by setting the coagulation rate as zero when the
mean particle diameter is greater than 25 nm. This is based on the
experimental observation that generally the maximum diameter of
a primary particle is about 25–30 nm.
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Thirdly, we increased the surface growth rate by raising the
parameter α, the fraction of surface sites available for surface re-
actions. Basically, the parameter α was still calculated by Eq. (1) of
[14], i.e.
α = tanh(a/ logµ1 + b) (5)
where µ1 is the ﬁrst size moment of the soot particle distribu-
tion. However, the parameter a in the equation was increased by
3 times to a = 3× (12.65− 5.63× 10−3 × T ), and the parameter
b was modiﬁed to b =−1.38+ 1.02× 10−3 × T , with T being lo-
cal temperature. This modiﬁcation led to about 44% increase in the
peak soot volume fraction for the ethylene/air diffusion flame.
After the above modiﬁcations, the peak soot volume fraction of
the base flame was reasonably predicted. However, soot volume
fraction was still underpredicted in the centerline region, where
soot volume fraction calculation is more sensitive to inception rate
that is closely related to the concentration of pyrene (the inception
species). Realizing that the current gas phase chemistry may still
underpredict the concentration of pyrene, we reduced the scrub-
bing factor of pyrene αA4 to 0.03, i.e. the reaction rate of pyrene
was calculated by rA4 = rg,A4 + αA4 · rs,A4 , where rA4 , rg,A4 , rs,A4
and αA4 are, respectively, the net rate, the rate due to gas phase
reactions, the rate due to soot formation and the scrubbing fac-
tor of pyrene. This treatment follows a similar idea of Smooke et
al. [20], and is an ad hoc one. However, it should not affect the
primary conclusion of this paper, since we focus on the relative
variation, when CO or N2 is added. The scrubbing factors for all
other species are unity.
The above modiﬁcation and addition of gas phase reactions and
the reduction of the scrubbing factor of pyrene led to more sig-
niﬁcant improvement in the prediction of centerline region soot
volume fraction than that of peak soot volume fraction. Without
the modiﬁcation and addition of the mentioned reactions for PAH
formation and growth, the scrubbing factor of pyrene would have
to be reduced to 5.E−04 for the ethylene/air diffusion flame to ob-
tain relatively reasonable soot volume fraction in centerline region.
On the other hand, the prediction of peak soot volume fraction,
which is located in an annular flame wing region (see results later),
is more sensitive to the modiﬁcation in the parameter α (Eq. (5))
that changes the surface growth rate. A sole increase in the pa-
rameter α and thus the surface growth rate was never successful
to improve the underprediction of centerline region soot volume
fraction, even if it was increased to an unreasonable value (greater
than unity) and the peak soot volume fraction was signiﬁcantly
overpredicted.
Low Mach number assumption was adopted. The governing
equations were discretized using the ﬁnite volume method in ax-
isymmetric cylindrical coordinates. The SIMPLE numerical scheme
[21] was used to handle the pressure and velocity coupling. The
diffusion terms in the conservation equations were discretized by
the central difference method and the convective terms were dis-
cretized by the power law method [21]. To speed up the conver-
gent process, the discretized governing equations of gas species
and soot moments were, respectively, solved in a fully coupled
fashion at each control volume [22]. Those of momentum, energy
and pressure correction were solved using the tri-diagonal matrix
algorithm.
The computational domain covers an area from 0 to 3.0 cm in
the radial (r) direction and 0 to 11.0 cm in the axial (z) direc-
tion. The inflow boundary (z = 0 cm) corresponds to the region
immediately above the fuel nozzle. Totally 160 (z) × 95 (r) non-
uniform grids were used in the simulations, with ﬁner grids placed
in the primary reaction zone and near the fuel nozzle exit region.
It has been checked that the further increase of grid number does
not signiﬁcantly influence the simulation results. The thermal and
(a)
(b)
Fig. 1. Calculated and measured soot volume fraction (ppm) and flame temperature
(K) for the pure C2H4/air flame. (a) Soot volume fraction; (b) temperature.
transport properties were obtained by using the algorithms given
in [23,24], respectively.
Radiation heat transfer was calculated by the method given by
Liu et al. [25]. Other details of the numerical methods can be found
from our previous publications [7,26].
4. Results and discussion
Fig. 1 displays the calculated and measured soot volume frac-
tion and flame temperature distributions for the base flame, i.e. the
pure ethylene/air flame. The measured temperature data in Fig. 1
is taken from those obtained previously in our laboratory by CARS
system [4]. It is observed that although soot volume fraction in the
lower centerline region is slightly underpredicted, the simulation
has captured the primary features of soot and temperature ﬁeld.
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Fig. 2. Radial proﬁles of soot volume fraction at four different sections above burner exit for pure C2H4/air flame, 60% CO diluted flame and 60% N2 diluted flame. Pure
C2H4/air flame: (—) calculated, (") measured; 60% CO diluted flame: (– ––) calculated, (!) measured; 60% N2 diluted flame: (– · – ·) calculated, (e) measured.
The peak soot volume fraction calculated is almost the same as
the measured. The distributions of soot volume fraction and flame
temperature are also reasonably predicted. The slight underpredic-
tion of soot volume fraction in the lower centerline region may be
due to the preheating effect of fuel stream by nozzle which was
not taken into account in the model of this paper. The peak flame
temperature is underpredicted by about 3% (73 K). This is an ac-
ceptable error.
Fig. 2 shows the radial proﬁles of soot volume fraction at four
axial heights above burner exit for the base ethylene/air flame and
flames with 60% CO (αCO = 0.6) and 60% N2 (αN2 = 0.6), respec-
tively, in the fuel stream. The selected four axial heights cover the
primary soot formation regions. The simulation overpredicted soot
volume fractions for the CO and N2 diluted flames, suggesting that
there is a need to further improve soot chemistry and model in
the future. However, it captured the relative differences among the
three flames.
The integrated soot volume fractions for the three flames are
illustrated in Fig. 3. The integrated soot volume fraction was ob-
tained by
F v =
∫
2pir f v dr (6)
where f v is the local soot volume fraction. We observe that the
simulation underpredicted the maximum integrated soot volume
fraction, but again captured the primary phenomena of the ex-
periment. The underprediction of the maximum integrated soot
Fig. 3. Integrated soot volume fraction (ppmmm2).
volume fraction is due to the lower soot volume fraction in the
lower centerline region from simulation, as in Figs. 1 and 2.
Figs. 2 and 3 show that soot volume fractions in the 60% CO and
60% N2 diluted flames are lower than in the base flame, and that in
the CO diluted flame is higher than in the N2 diluted flame. Flames
with other fractions of CO or N2 in the fuel stream have similar
phenomena, which can be shown by the variation of the normal-
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Fig. 4. Normalized maximum integrated soot volume fraction.
ized maximum integrated soot volume fraction (F v,max/F v,max_base)
versus the fraction of CO/N2 in the fuel stream, with F v,max being
the maximum integrated soot volume fraction of a diluted flame,
and F v,max_base being that of the base flame, as in Fig. 4. It re-
veals that the addition of either CO or N2 monotonically reduces
the formation of soot in the ethylene/air diffusion flame. This is
consistent with the study of Du et al. [10]. Moreover, Fig. 4 illus-
trates that the addition of N2 is more effective than that of CO in
suppressing soot formation at all diluent fractions.
As for other gaseous additives, the addition of CO or N2 sup-
presses soot formation by the thermal, dilution and chemical ef-
fects. Since CO and N2 have similar thermal and transport proper-
ties, the addition of them has similar thermal and dilution effects.
However, N2 is basically inert for soot formation [27] while CO ac-
tively participates in chemical reactions. Therefore, the difference
between the CO and N2 diluted flames reflects the chemical effect
of CO addition. Accordingly, Figs. 2–4 imply that the chemical ef-
fect of CO addition actually promotes the formation of soot in an
ethylene/air diffusion flame. This is opposite to the chemical effect
of hydrogen or carbon dioxide addition on soot formation [4,7,28].
There has been extensive discussion on the thermal and dilu-
tion effects on soot formation in a diffusion flame, such as [5] and
the citations therein. Therefore, we focus on the chemical effect of
CO addition in this paper. We do this by comparing the numeri-
cal details of CO and N2 diluted flames below, taking the 60% CO
and 60% N2 flames as examples, since the numerical model has
successfully captured the relative difference between CO and N2
diluted flames for this and other diluent fractions.
Soot formation consists of three sub-processes: inception, sur-
face growth and oxidation. We ﬁrst check inception. Fig. 5 displays
radial proﬁle of the inception rate for the 60% CO and 60% N2 di-
luted flames at the four axial heights, which correspond to those in
Fig. 2. It shows that inception rate in the CO diluted flame is lower
than in the N2 diluted flame. This is opposite to the relative dif-
ference in soot volume fractions in the CO and N2 diluted flames.
Therefore, the chemical effect of CO addition, which promotes the
formation of soot, is not through inception. A reaction pathway
analysis indicates that the lower inception rate in the CO diluted
flame results from the reaction C2H4 + C2H3 = C4H6 + H. The
fuel pyrolysis rate is higher due to higher temperature, as shown
later, which causes the lower concentration of C2H4 and ﬁnally the
lower formation rate of C4H6 in the CO diluted flame. The lower
formation rate of C4H6 results in the slower formation rate of in-
ception species, pyrene (A4), and thus the lower inception rate in
the CO diluted flame, due to the reaction sequence C2H3 + C4H6 =
CH3 + C5H6, C5H6 + H = C5H5 + H2, C5H5 + C5H5 = A2 + 2H,
Fig. 5. Particle inception rate.
and A2 ⇒ A3 ⇒ A4. However, we note that this numerical result
of the lower inception rate in the CO diluted flame is not consis-
tent with the observation of Du et al. [10] on soot inception limit.
Although we are not sure if the inception limit exactly reflects in-
ception chemistry, the effect of CO addition on particle inception
and the role of the above reaction sequence for PAH formation may
need further study in the future.
Surface growth rate equals the product of speciﬁc surface
growth rate (growth rate per unit surface area, g/cm2 s) and spe-
ciﬁc surface area (surface area per unit volume, cm−1). Please note
that here surface growth does not include oxidation, which will
be discussed later separately. The radial proﬁles of speciﬁc surface
area, speciﬁc surface growth rate and particle number density in
the two flames are shown in Fig. 6. It is noted that both the spe-
ciﬁc surface area and speciﬁc surface growth rate of the CO diluted
flame are higher than those of the N2 diluted flame. Therefore, the
surface growth rate of the CO diluted flame is higher than that
of the N2 diluted flame, meaning that surface growth is one sub-
process through which the addition of CO chemically promotes
soot formation. It should be pointed out that the bigger speciﬁc
surface area of the CO diluted flame is also caused by the higher
speciﬁc surface growth rate, since the particle number density of
the CO diluted flame is actually lower than that of the N2 diluted
flame, as shown in Fig. 6c, due to the lower inception rate (Fig. 5).
The higher speciﬁc surface growth rate results in larger particle
size and thus the bigger speciﬁc surface area in the CO diluted
flame than in the N2 diluted flame. Therefore, we can analyze the
surface growth reactions to identify how the addition of CO chem-
ically promotes soot formation.
Surface growth includes PAH condensation and acetylene (C2H2)
addition. However, the simulation indicates that C2H2 addition
dominates, and the higher speciﬁc surface growth rate in the
CO diluted flame is primarily because of C2H2 addition. There-
fore, we will examine how the addition of CO chemically affects
C2H2 addition. In the numerical model, the rate of C2H2 addition
is calculated by the mechanism of H-abstraction–carbon-addition
(HACA) [13,14], in which the two key reactions are Csoot–H + H =
Csoot· + H2 (formation of active site by H-abstraction) and Csoot·
+ C2H2 ⇒ Csoot–H + H (carbon-addition reaction). This suggests
that the primary factors affecting the rate of C2H2 addition include
temperature and concentrations of C2H2 and H radical.
Fig. 7 displays the temperature distributions at the four axial
heights. Although not shown, the simulation shows that the peak
temperatures of the ethylene/air flame and the 60% CO diluted
flame are almost same (about 2063 K), although the adiabatic tem-
peratures of the two flames are not exactly same. This is due to
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Fig. 6. Radial proﬁles of speciﬁc surface area, speciﬁc surface growth rate and par-
ticle number density. (a) Speciﬁc surface area; (b) speciﬁc surface growth rate;
(c) particle number density.
the difference in radiation heat loss caused by soot. The peak tem-
perature of the 60% N2 diluted flame is 1971 K, even though it
has the lowest soot volume fraction among the three flames. Tem-
perature in the CO diluted flame is higher than in the N2 diluted
flame, which tends to increase the rate of C2H2 addition. This is as
expected, since CO actively participates in chemical reactions and
releases heat, while N2 does not. Therefore, the higher tempera-
ture is a factor that causes the higher surface growth rate in the
CO diluted flame. Since the higher temperature in the CO diluted
flame, relative to the N2 diluted flame, is caused by CO’s partici-
pating in chemical reactions, we attribute this factor as a chemical
effect.
Fig. 7. Flame temperature distribution.
Fig. 8. Concentration of H radical. Short vertical lines indicate the peak speciﬁc sur-
face growth rate positions, with solid being for the CO diluted flame and dashed for
the N2 diluted flame.
The second factor that may influence the rate of C2H2 addition
is the concentration of H radical, which controls the formation rate
of active site [13,14] for C2H2 addition. The radial proﬁles of H rad-
ical at the four axial heights are shown in Fig. 8, where the short
vertical line (solid for CO diluted flame and dashed for N2 diluted
flame) on each curve indicates the positions where surface growth
rate reaches its peak value at the corresponding axial height. We
note that overall the concentration of H radical is higher in the CO
diluted flame than in the N2 diluted flame. This is because of the
reaction CO + OH = CO2 + H, whose forward rate is increased
when CO is added. The higher concentration of H radical results in
the higher active site formation (Csoot–H + H = Csoot· + H2) rate
and ﬁnally the higher surface growth rate in the CO diluted flame
as compared to the N2 diluted flame. This suggests that the higher
concentration of H radical may be another factor that causes the
chemical effect of CO addition that promotes soot formation. How-
ever, we also note that the difference in the concentrations of H
radical of the two flames in the peak surface growth regions be-
come negligible at z = 3.0 and 4.0 cm. Accordingly, this fact may
be only important in the lower flame region.
The last factor that may affect the rate of C2H2 addition is the
concentration of C2H2, as shown in Fig. 9. Overall, the concen-
tration of C2H2 is higher in the CO diluted flame than in the N2
diluted flame. It is because of the reaction C2H2 + O = CO + CH2,
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Fig. 9. Concentration of acetylene (C2H2). Short vertical lines indicate the peak spe-
ciﬁc surface growth rate positions, with solid being for the CO diluted flame and
dashed for the N2 diluted flame.
which is the primary destruction reaction of C2H2. When CO is
added, the reverse rate of this reaction is intensiﬁed, resulting in
the lower C2H2 destruction rate and thus higher concentration of
C2H2. However, since the peak surface growth rate positions (in-
dicated by the short vertical lines, with solid being for CO diluted
flame and dashed for N2 diluted flame) of the two flames differ, as
in Fig. 6b, we note that the concentration of C2H2 in the peak sur-
face growth region at z = 1.6 and 2.0 cm is actually lower in the
CO diluted flame than in the N2 diluted flame. In the upper flame
region, the difference in C2H2 between the two flames in the peak
surface growth region is negligible. Consequently, C2H2 may not be
a factor that results in the higher surface growth rate due to the
chemical effect of CO addition. Therefore, the simulation result of
this paper suggests that the chemical effect of CO addition on sur-
face growth rate could be due to the higher temperature and faster
formation rate of H radical.
Now we examine how the addition of CO influences soot ox-
idation. Being consistent with the current understanding in the
literature, the simulation indicates that the oxidation of soot is pri-
marily due to the attack of OH on soot particles. Fig. 10 displays
the concentration of OH at the four axial heights. It is observed
that the concentration of OH radical in the near centerline region,
where soot exists (as shown in Fig. 2), is lower in the CO diluted
flame than in the N2 diluted flame. As with the H radical, this is
also due to the reaction CO + OH = CO2 + H, which intensiﬁes
the consumption rate of OH when CO is added. The lower con-
centration of OH tends to slow the oxidation rate of soot in the
CO diluted flame and to increase the net soot formation rate. This
may be another factor that causes the chemical effect of CO addi-
tion on soot formation. This is similar to the suggestion of Du et
al. [10], and consistent with the viewpoint of Puri and Santoro [29]
who indicated that soot and CO oxidation competed each other for
OH.
In summary, the above discussion suggests that the chemical
effect of CO addition that promotes the formation of soot in the
ethylene/air diffusion flame may be primarily a temperature in-
crease, resulting from chemical reactions, and the modiﬁcations in
the reaction OH + CO = CO2 + H which lowers the concentration
of OH, and increases the concentration of H. The higher concen-
tration of H intensiﬁes soot surface growth rate, and the lower
concentration of OH slows the oxidation rate of OH, when CO is
added.
Fig. 10. Concentration of OH.
5. Conclusions
An experimental and numerical study has been conducted on
the effect of CO addition on soot formation in an ethylene/air dif-
fusion flame, with special emphasis on the chemical effect. The
chemical effect is isolated from the thermal and dilution effects by
comparing the results of CO and N2 diluted flames. Both experi-
ment and simulation show that the addition of both CO and N2
monotonically reduces the formation of soot. However, the addi-
tion of N2 is more effective than that of CO in suppressing soot
formation, implying that the addition of CO chemically promotes
the formation of soot, which is different from the chemical effect
of carbon dioxide or hydrogen addition. The further analysis of the
details from numerical simulation suggests that the chemical effect
of CO addition that promotes the formation of soot could be due
to three factors. (1) Compared to the addition of N2, the addition
of CO takes part in heat release process and results in higher flame
temperature. This causes the higher surface growth rate in the CO
diluted flame than in the N2 diluted flame. (2) When CO is added,
the concentration of H radical is increased due to the intensiﬁed
forward rate of the reaction OH + CO = CO2 + H, which results
in the higher surface growth rate for soot formation. (3) Due to
the same reaction, the addition of CO reduces the concentration
of OH radical and consequently slows the oxidation rates of soot.
These three factors cause the chemical effect of CO addition that
promotes the formation of soot.
Acknowledgments
We would like to thank Mr. M.F. Baksh for conducting the
experiment, and to thank Ms. C. Yang for helping to prepare ex-
periment. The ﬁnancial support of the Government of Canada’s
PERD/AFTER program is also acknowledged.
References
[1] H. Guo, G.J. Smallwood, Ö.L. Gülder, Proc. Combust. Inst. 31 (2007) 1197–1204.
[2] K.P. Schug, Y. Manheimer-Timnat, P. Yaccarino, I. Glassman, Combust. Sci. Tech-
nol. 22 (1980) 235–250.
[3] D.X. Du, R.L. Axelbaum, C.K. Law, Proc. Combust. Inst. 23 (1990) 1501–1507.
[4] Ö.L. Gülder, D.R. Snelling, R.A. Sawchuk, Proc. Combust. Inst. 26 (1996) 2351–
2358.
[5] I. Glassman, Proc. Combust. Inst. 27 (1998) 1589–1596.
[6] H. Guo, F. Liu, G.J. Smallwood, Ö.L. Gülder, Proc. Combust. Inst. 29 (2002) 2359–
2365.
[7] H. Guo, F. Liu, G.J. Smallwood, Ö.L. Gülder, Combust. Flame 145 (2006) 324–
338.
[8] P. Pandey, B.P. Pundir, P.K. Panigrahi, Combust. Flame 148 (2007) 249–262.
[9] J.R. Arthur, D.H. Napier, Proc. Combust. Inst. 5 (1955) 303–316.
1142 H. Guo et al. / Combustion and Flame 156 (2009) 1135–1142
[10] D.X. Du, R.L. Axelbaum, C.K. Law, Combust. Flame 102 (1995) 11–20.
[11] K.A. Thomson, M.J. Johnson, D.R. Snelling, G.J. Smallwood, Appl. Opt. 47 (2008)
694–703.
[12] D.R. Snelling, K.A. Thomson, G.J. Smallwood, Ö.L. Gülder, Appl. Opt. 38 (1999)
2478–2485.
[13] M. Frenklach, H. Wang, in: H. Bockhorn (Ed.), Soot Formation in Combustion:
Mechanisms and Models, vol. 59, Springer-Verlag, Berlin, 1994, pp. 162–196.
[14] J. Appel, H. Bockhorn, M. Frenklach, Combust. Flame 121 (2000) 122–136.
[15] A. D’Anna, A. D’Alessio, Combust. Flame 125 (2001) 1196–1206.
[16] A. D’Anna, J.H. Kent, Combust. Flame 144 (2006) 249–260.
[17] P. Lindstedt, G. Skevis, Proc. Combust. Inst. 26 (1996) 703–709.
[18] N.M. Marinov, W.J. Pitz, C.K. Wesrbrook, M.J. Castaldi, S.M. Senhan, Combust.
Sci. Technol. 116–117 (1996) 211–287.
[19] M.B. Colket, D.J. Seery, Proc. Combust. Inst. 25 (1994) 883–891.
[20] M.D. Smooke, M.B. Long, B.C. Connelly, M.B. Colket, R.J. Hall, Combust.
Flame 143 (2005) 613–628.
[21] S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere, New York,
1980.
[22] Z. Liu, C. Liao, C. Liu, S. McCormick, in: 33rd Aerospace Science Meeting and
Exhibit, Reno, NV, January 9–12, 1995, AIAA paper 95-0205.
[23] R.J. Kee, J.A. Miller, T.H. Jefferson, Sandia Report SAND 80-8003, Sandia National
Laboratories, 1980.
[24] R.J. Kee, G. Dixon-Lewis, J. Warnatz, M.E. Coltrin, J.A. Miller, Report No. SAND
86-8246, Sandia National Laboratories, 1986.
[25] F. Liu, H. Guo, G.J. Smallwood, Ö.L. Gülder, Combust. Flame 138 (2004) 136–
154.
[26] H. Guo, F. Liu, G.J. Smallwood, Ö.L. Gülder, Combust. Theory Modelling 6 (2002)
173–187.
[27] H. Guo, G.J. Smallwood, Combust. Flame 149 (2007) 225–233.
[28] H. Guo, G.J. Smallwood, Combust. Sci. Technol. 180 (2008) 1695–1708.
[29] R. Puri, R.J. Santoro, Combust. Flame 97 (1994) 125–144.
